The composites of polyaniline and TiO 2 nanoparticles with different contents were prepared in the aqueous solution of phosphoric acid, in which the phosphoric acid was selected as the protonic acid to improve the conductivity of polyaniline. In the composites, the TiO 2 nanoparticles with the size of about 20 nm were coated by a layer of polyaniline film with a thickness of about 5 nm. Then, the gas sensors were constructed by a liquid-gas interfacial self-assembly method. The gas-sensing properties of the composites-based gas sensors obviously improved after doping with TiO 2 nanoparticles, and the sensor response of the composites increased several times to NH 3 from 10 ppm to 50 ppm than that of pure polyaniline. Especially when the mass ratio of TiO 2 to aniline monomer was 2, it exhibited the best gas response (about 11.2-50 ppm NH 3 ), repeatability and good selectivity to NH 3 at room temperature. The p-n junction structure consisting of the polyaniline and TiO 2 nanoparticles played an important role in improving gas-sensing properties. This paper will provide a method to improve the gas-sensing properties of polyaniline and optimum doping proportion of TiO 2 nanoparticles.
Introduction
In recent years, industrial safety, environmental protection and public safety have been paid more and more attention [1] . Gas sensors, as sensing components, have been widely used in these fields such as chemical plant explosive detection and toxic gas leakage monitoring. They can monitor the composition and concentration of various toxic or harmful gases qualitatively or quantitatively in real time [2] [3] [4] [5] [6] . There are many kinds of gas sensors, for example catalytic combustion gas sensors, electrochemical gas sensors and thermal conductivity gas sensors and so on. Among them, semiconductor gas sensors are usually made by inorganic semiconductor metallic oxide materials for instance ZnO, SnO 2 , In 2 O 3 , Co 3 O 4 , WO 3 and TiO 2 etc. [7] . Generally speaking, they have the advantages of small size, light weight, easy integration and low cost, and are widely used in industrial hazardous gas leakage detection, toxic or harmful gas detection, flammable and explosive gas early warning and other fields [8, 9] . However, for their applications in flammable or explosive gas detection, semiconductor gas sensors still have some shortcomings such as long response time, low sensitivity and especially high working temperature. The higher working temperature will bring higher energy consumption, shorten the work time and become a source of the explosion in the flammable or explosive gas detection. Therefore, it is necessary to develop a gas sensor operating at the lower temperature (even room temperature) and having excellent gas sensing performances such as high sensitivity, stability and selectivity etc. any further purification. Deionized water was obtained from a pure water device (Milli-Q, Millipore, MA, Molsheim, France).
Synthesis of TiO 2 @PANI
Firstly, 0.18 g Ani and 3.3 g SDS was dissolved in 10 mL deionized water and stirred for 15 min in an ice bath. Then a certain amount of TiO 2 powder was added in the above solution and kept for 15 min, in which the mass ratio of TiO 2 and Ani was 0, 0.5, 1, 2 and 5 (marked as m (TiO 2 )/m (Ani) = 0, 0.5, 1, 2 and 5), respectively. Next, 10 mL PA solution (0.1 mol/L) was added to the reaction solution and stirred for 30 min. Then 0.4568 g APS was dissolved in 10 mL deionized water and added into the mixed solution drop by drop after cooling to 0 • C. Then they were stirred for 24 h without stop in the ice bath. After reaction, the resulting precipitate was collected and washed several times with deionized water, ethanol and methanol, respectively. Finally, the obtained TiO 2 @PANI products were dried in a vacuum oven at 45 • C for 24 h.
Construction of Sensors by a Liquid-Gas Interfacial Self-Assembly Method
Here the gas sensors were constructed by a liquid-gas interfacial self-assembly method, and the details were as follows: Firstly, 10 mg as-dried TiO 2 @PANI products was dispersed in the 5 mL mixture solution of deionized water and ethanol with the volume ratio of 50% and treated with sonication for 60 min. Then the above 200 µL mixed solution was slowly dropped on the surface of deionized water along one side of a 500 mL beaker which was full of deionized water. In this process, the emerald green TiO 2 @PANI products spread out quickly and evenly on the surface of the water. Meanwhile the TiO 2 @PANI products would aggregate with each other under the thrust effect of ethanol. Then they self-assembly formed a thin film under the action of Van Der Waals forces only on the surface of the water. Last, the emerald green thin film was picked up by a piece of flat eletrode from the underside of liquid surface and dried in air at room temperature, and the gas sensors were fabricated. The flat electrode was interdigitated gold electrodes array on Al 2 O 3 substrate with the size of 1.5 × 1 × 0.3 mm 3 , and the groove shape was like the letter "S". Under the Al 2 O 3 substrate, it was SiO 2 dielectric insulation layer and ruthenium oxide heating wires. The bottom layer was silicon. 4 Pt wires were used to connect with testing system. In the experiments, the heating wires were not worked and all the gas sensing measurements were operated at room temperature. Meanwhile 10 mg TiO 2 NPs were dispersed in 5 mL mixture solution of deionized water and ethanol with the volume ratio of 50% and the same operations were repeated again, then the gas sensors based on TiO 2 NPs were obtained.
The Gas Sensing Measurements
All the gas sensing performances were measured in a static system, and the volume of the gas chamber was 20 L as shown in the Figure 1 . Firstly, the prepared gas sensors were connected with the testing system by Pt wires according to the Figure 1 . A 10 V regulated power (V c ) was obtained by a DC power supply (Agilent U8002A, San Jose, CA, USA), and the value of load resistance (R L ) was 10 Mohm. The output voltage (V out ) of load resistance was collected by a multimeter (Agilent mod, U3606A, San Jose, CA, USA). By a simple calculation, the resistance changes of sensing devices (R g and R 0 ) were obtained, where R g and R 0 is the resistances of the sensor devices after and before exposure to target gas. In the process of testing, a certain amount of target gas was obtained from a standard NH 3 cylinder with the concentration of 20,000 ppm, which was injected into the gas chamber by a syringe and diluted to the target concentration. The target concentration was calculated based on the injected amount of target gas. If 1 mL standard NH 3 was injected into the gas chamber, the concentration of NH 3 was 1 ppm. Then the resistance of sensing devices (R g ) under different concentration of target gas was obtained. All the measurements were operated at room temperature (25 • C), and the heating voltage (V h ) was always 0 V. Meanwhile, the relative humidity (RH) was remained at 60%. 
Characterization Methods
The field-emission scanning electron microscopy (Hitachi SU8020, Tokyo, Japan) and the high-resolution transmission electron microscopy (JOEL JEM-2010, Tokyo, Japan) was used to observe the morphologies of products. The energy spectrum of product was obtained on the SU8020 with the attachment of energy dispersive X-ray spectroscopy (EDX, Tokyo, Japan). The acceleration voltage was 10.0 kV, and the selection area was 4.5 × 6.6 μm 2 . The information of N, O, Si, P and Ti element was obtained. The sample was firstly deposited onto the surface of the clean small silicon wafer before observing by SU8020, so the silicon in the energy spectrum corresponded to the silicon wafer substrate. A NICOLET MX-1E Fourier transformed spectrometer with KBr tablet (Thermo Fisher Scientific, Waltham, MA, USA) was used to measure the FTIR spectra of the products. The X-ray diffraction (XRD) was performed on a Philips X'Pert X-ray diffractometer (Almelo, The Netherlands) which the Cu-K line was 0.15419 nm.
Results and Discussion

Morphology
The morphology of products is observed by field-emission scanning electron microscopy (SEM). From Figure 2a , it is obvious that the pure PANI film prepared by the method of liquid phase oxidation without TiO2 has a porous structure, and some aggregation is observed. In the process of the PANI synthesis, mechanical agitation can prevent the aggregation of PANI. From Figure 2b , it can be seen that the TiO2 is easily agglomerated. The agglomerates are about 1.5 μm, and full ultrasonic treatment is needed before use. After adding TiO2 in the reaction system, the surface of TiO2 is coated by a layer of PANI film as shown in Figure 2c . This indicates that a good encapsulation effect on the surface of TiO2 can be achieved. From the SEM photograph of cross section in Figure 2d , it can be seen that the thickness of the film is about 1.5-2 μm. In addition, the film is formed by the accumulation of granular complex. It is relatively loose and porous, which is favorable to improve the properties of the gas sensors. 
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Morphology
The morphology of products is observed by field-emission scanning electron microscopy (SEM). From Figure 2a , it is obvious that the pure PANI film prepared by the method of liquid phase oxidation without TiO 2 has a porous structure, and some aggregation is observed. In the process of the PANI synthesis, mechanical agitation can prevent the aggregation of PANI. From Figure 2b , it can be seen that the TiO 2 is easily agglomerated. The agglomerates are about 1.5 µm, and full ultrasonic treatment is needed before use. After adding TiO 2 in the reaction system, the surface of TiO 2 is coated by a layer of PANI film as shown in Figure 2c . This indicates that a good encapsulation effect on the surface of TiO 2 can be achieved. From the SEM photograph of cross section in Figure 2d , it can be seen that the thickness of the film is about 1.5-2 µm. In addition, the film is formed by the accumulation of granular complex. It is relatively loose and porous, which is favorable to improve the properties of the gas sensors. The transmission electron microscope (TEM) photograph of TiO2@PANI products at m (TiO2)/m (Ani) = 2 is shown in Figure 3a . It can be clearly seen that the TiO2 crystallites are about 20 nm in size. The spacing of the lattice stripe of TiO2@PANI is about 0.352 nm, which corresponds to the TiO2 (101) crystal plane of anatase in Figure 3b [23] . On the surface of TiO2 NPs polyaniline film can be seen and the thickness of the coating is about 5 nm, but there is no lattice stripe or diffraction pattern for this poor crystalline substance. Figure 3c is the selected area electron diffraction pattern of the TiO2@PANI, and it mainly also corresponds to the TiO2 (101) plane of anatase phase [24] . It also indicates that the TiO2 nanoparticles are polycrystalline particles. From the energy spectrum of the TiO2@PANI (measured by the SU8020, Figure 3d ), it is visible that the products contain the elements of the PANI. The silicon in the energy spectrum corresponds to the silicon wafer substrate. These mean that the TiO2 NPs coated by PANI have been successfully prepared by the above method. The transmission electron microscope (TEM) photograph of TiO 2 @PANI products at m (TiO 2 )/m (Ani) = 2 is shown in Figure 3a . It can be clearly seen that the TiO 2 crystallites are about 20 nm in size. The spacing of the lattice stripe of TiO 2 @PANI is about 0.352 nm, which corresponds to the TiO 2 (101) crystal plane of anatase in Figure 3b [23] . On the surface of TiO 2 NPs polyaniline film can be seen and the thickness of the coating is about 5 nm, but there is no lattice stripe or diffraction pattern for this poor crystalline substance. Figure 3c is the selected area electron diffraction pattern of the TiO 2 @PANI, and it mainly also corresponds to the TiO 2 (101) plane of anatase phase [24] . It also indicates that the TiO 2 nanoparticles are polycrystalline particles. From the energy spectrum of the TiO 2 @PANI (measured by the SU8020, Figure 3d ), it is visible that the products contain the elements of the PANI. The silicon in the energy spectrum corresponds to the silicon wafer substrate. These mean that the TiO 2 NPs coated by PANI have been successfully prepared by the above method. 
Characteristics Peaks
In order to demonstrate the characteristic peaks of the products, the FTIR spectrum of pure TiO2 NPs, the pure PANI and the TiO2@PANI samples at m (TiO2)/m (Ani) = 2 is measured, and the results are shown in Figure 4 . In the FTIR spectra of pure TiO2 NPs (Figure 4a ), only three main absorption peaks are found. The wide peak at the 660 cm −1 is caused by the stretching vibration of the Ti-O bond in the NPs [25] . The sharp absorption peak near the 1639 cm −1 is due to the characteristic absorption peak of water in TiO2 NPs, which adsorbs the water of the air [26] . The broad peak at 3450 cm −1 is caused by the stretching vibration of hydroxyl groups [27] . In Figures 4b and 4c, several characteristic absorption peaks appeared; the peak at 1143 cm −1 corresponds to N=C stretching mode of the quinoid units [28] . The absorption peak near 1304 cm −1 is C-H stretching vibration of the benzene ring [29] , and at the 823 cm −1 it is the C-H outer bending vibration on the symmetric substitution of the benzene ring [30] . At 1480 and 1384 cm −1 it is the C=C stretching vibration of the benzene ring, and the peak at 1127 cm −1 is associated with quinonoid unit. The peak at 1036 cm −1 is due to in-plane vibration of C-H bending mode [31] . The appearance of these peaks indicates that the products have the molecular structure of PANI. Comparing the infrared absorption spectra of TiO2@PANI and pure TiO2 NPs, it is found that the absorption peak near 660 cm -1 is weaker for the TiO2@PANI, while the other peaks are largely unchanged. That is because the surface of TiO2 NPs are coated by PANI. At the same time, the characteristic absorption intensity of PANI (1127, 1036 and 823 cm −1 ) is also weakened for the TiO2@PANI. The reason is that there is a strong interaction between PANI and TiO2 NPs. The strong interaction may be associated with the interaction of titanic and nitrogen atom in PANI. As titanium is a transition metal, it has intense tendency to form coordination compound with nitrogen atom in PANI. This interaction may weaken the bond strengths of PANI. Moreover, the action of hydrogen bonding between TiO2 NPs and PANI is also contributory to this weakness of bands [32] . 
In order to demonstrate the characteristic peaks of the products, the FTIR spectrum of pure TiO 2 NPs, the pure PANI and the TiO 2 @PANI samples at m (TiO 2 )/m (Ani) = 2 is measured, and the results are shown in Figure 4 . In the FTIR spectra of pure TiO 2 NPs (Figure 4a ), only three main absorption peaks are found. The wide peak at the 660 cm −1 is caused by the stretching vibration of the Ti-O bond in the NPs [25] . The sharp absorption peak near the 1639 cm −1 is due to the characteristic absorption peak of water in TiO 2 NPs, which adsorbs the water of the air [26] . The broad peak at 3450 cm −1 is caused by the stretching vibration of hydroxyl groups [27] . In Figure 4b ,c, several characteristic absorption peaks appeared; the peak at 1143 cm −1 corresponds to N=C stretching mode of the quinoid units [28] . The absorption peak near 1304 cm −1 is C-H stretching vibration of the benzene ring [29] , and at the 823 cm −1 it is the C-H outer bending vibration on the symmetric substitution of the benzene ring [30] . At 1480 and 1384 cm −1 it is the C=C stretching vibration of the benzene ring, and the peak at 1127 cm −1 is associated with quinonoid unit. The peak at 1036 cm −1 is due to in-plane vibration of C-H bending mode [31] . The appearance of these peaks indicates that the products have the molecular structure of PANI. Comparing the infrared absorption spectra of TiO 2 @PANI and pure TiO 2 NPs, it is found that the absorption peak near 660 cm −1 is weaker for the TiO 2 @PANI, while the other peaks are largely unchanged. That is because the surface of TiO 2 NPs are coated by PANI. At the same time, the characteristic absorption intensity of PANI (1127, 1036 and 823 cm −1 ) is also weakened for the TiO 2 @PANI. The reason is that there is a strong interaction between PANI and TiO 2 NPs. The strong interaction may be associated with the interaction of titanic and nitrogen atom in PANI. As titanium is a transition metal, it has intense tendency to form coordination compound with nitrogen atom in PANI. This interaction may weaken the bond strengths of PANI. Moreover, the action of hydrogen bonding between TiO 2 NPs and PANI is also contributory to this weakness of bands [32] . Figure 5 is the XRD diffraction pattern of the above three samples. In Figure 5a , the major peaks in the XRD pattern are in agreement with standard JCPDS card of tetragonal anatase (No. 21-1272) [33] . The strong and sharp peak types and the smooth baseline indicate a good crystallinity. However, in Figure 5b for the XRD diffraction pattern of PANI film, only a broad reflection peak appears at about 23°, indicating an amorphous pattern. Figure 5c is the XRD diffraction pattern of the TiO2@PANI sample at m (TiO2)/m (Ani) = 2. It is obvious that almost the same sharp diffraction peaks appear at the corresponding position of pure TiO2 NPs. However, the intensity of the diffraction peak becomes weaker, which may be the result of the existence of PANI coating [34] . In addition, according to the Scherrer formula:
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where D is crystallite size, K is a constant (K = 0.89), λ is X ray wavelength, and β is the full width at half maximum. From the diffraction peaks of TiO 2 NPs we can calculate that the crystallite size of TiO 2 NPs is about 20 ± 3 nm, which is consistent with the results of HRTEM. 
Gas-Sensing Properties
The gas sensors are fabricated with different m (TiO2)/m (Ani) ratios from 0 to 5, and the gas sensing performances of these sensors to NH3 gas are measured at room temperature. The sensor response curves to NH3 gas ranging from 10 to 50 ppm are shown in Figure 6a . Here, the sensor response is defined as Rg/R0, where Rg and R0 is the resistances of the gas sensors after and before exposure to NH3 gas. It can be seen that the sensor response of TiO2@PANI samples is obviously improved comparing with that of PANI. As the content of TiO2 nanoparticles increases to a certain amount, the sensor responses of TiO2@PANI samples also increase. When the ratio of m (TiO2)/m (Ani) reaches 2, the sensor response reach a maximum. It is about 11.6 to 50 ppm NH3 gas. However, with the continued increasing of the ratio of TiO2 nanoparticles to 5 the sensor response obviously decreases. There also is a very good linear relationship between the sensor response and the concentration of NH3 (Figure 6b ), which is favor to the practical application of the sensors. When the gas sensor devices are exposed to different contents of NH3 gas, the resistances of the gas sensor are rapidly increasing and will be stable after a certain time. When they are exposed to air, the recovery of the gas sensors is also fast and gradually approaching the baseline. The response/recovery times of the gas sensors to different contents of NH3 gas can be seen in the Table 1 . The response time (defined as the time for reaching 90% of the full response of the sensor after the gas sensor is exposed to target gas) of gas sensor with m (TiO2)/m (Ani) = 2 to 50 ppm NH3 gas is about 26 s, and the recovery time (defined as the time for falling to 10% of the maximum response after the target gas gets out) is 142 s. It is found that the addition of TiO2 nanoparticles almost has no effect on the response or recovery time of the gas sensors, even so the sensor response is obviously improved. In Table 2 , the gas-sensing properties of the PANI/TiO2 composites are compared with the reported gas sensors in recent publications [22, [35] [36] [37] [38] [39] . The results show that the gas sensor prepared by a liquid-gas interfacial self-assembly method at m (TiO2)/m (Ani) = 2 exhibits excellent sensor response and low response time to NH3 gas at room temperature. In addition, the sensor response 
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Conclusions
In summary, the composites of PANI and TiO2 nanoparticles were successfully prepared in the aqueous solution of phosphoric acid, in which phosphoric acid was used as dopant. The granular TiO2 nanoparticles were about 20 nm in size and coated by a layer of PANI film on their outer surface. Gas sensors with different contents of TiO2 nanoparticles were constructed by a liquid-gas interfacial self-assembly method and exhibited better gas-sensing properties than pure PANI to NH3 from 10 ppm to 50 ppm. The composites with m (TiO2)/m (Ani) = 2 exhibited the best gas sensitivity (about 11.2 to 50 ppm), stability and selectivity to NH3 at room temperature. The formation of a p-n junction in the composites was one of the important factors for excellent gas-sensing properties. It provided a preparation method of a gas sensor for detecting nitrogen concentration at room temperature with good gas-sensing properties. 
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